In situ diffuse reflectance UV-visible spectroscopy was used to measure the dynamics of catalyst reduction and oxidation during propane oxidative dehydrogenation (ODH) on VO x /γ-Al 2 O 3 . Transients in UV-visible intensity in the near-edge region were analyzed using a mechanistic model of ODH reactions. Rate constants per site for the kinetically relevant reduction step (C-H bond activation) measured using this analysis are slightly larger than those obtained from steady-state ODH rates normalized by surface V. The ratio of these values provides a measure of the fraction of the V surface sites that are active for ODH (0.6-0.7, for V surface densities of 2.3-34 V nm -2 ). This suggests that some of the V atoms are either inaccessible or inactive. Reoxidation rate constants, which cannot be obtained from steady-state analysis, are 10 3 -10 5 times larger than those for the C-H bond activation reduction step.
Introduction
Diffuse reflectance UV-visible spectroscopy is a useful probe of the electronic structure of dispersed metal oxides. [1] [2] [3] [4] [5] [6] [7] [8] A number of studies have shown that in situ UV-visible spectroscopy can probe the extent of reduction under steady-state catalysis. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Few studies have explored in situ transientresponse methods using UV-visible spectroscopy for the purpose of determining kinetic parameters for elementary steps. [21] [22] [23] Also, none of the reported work has examined the reduction and oxidation cycles that occur during the oxidative dehydrogenation (ODH) of alkanes, a reaction that proceeds via a Mars-van Krevelen redox cycle using lattice oxygen atoms in metal oxides. [1] [2] [3] [4] [24] [25] [26] [27] [28] [29] [30] In this study, we report the use of UV-visible spectroscopy in a transient mode to study the dynamics of redox cycles for catalytically active centers involved in propane ODH on alumina-supported vanadia catalysts. The analysis of these data leads to the determination of the rate coefficients for the reduction and reoxidation of active centers. Since the first of these rate coefficients can also be obtained from steady-state data, it is possible to assess the fraction of the exposed V sites that are active for ODH. The rate coefficient for site reoxidation is also provided by the transient-response UV-visible data; it is not available from steady-state rate measurements.
Experimental Section
VO x /Al 2 O 3 catalysts were prepared by incipient wetness impregnation of γ-alumina (Degussa, A. G., 100 m 2 /g) with aqueous solutions of ammonium metavanadate (99%, Aldrich, Inc.) and oxalic acid (Mallinckrodt A. G.) (1:2 by weight, pH ∼2). The impregnated samples were dried, crushed, treated in dry air at 773 K, and ground into fine powders (45-100 µm) using a mortar and pestle. Details of the catalyst synthesis procedure and structural characterization data are reported elsewhere. [2] [3] [4] 2, 3 UV-visible spectra were collected using a Cary 4 Varian spectrophotometer with a Harrick Scientific diffuse reflectance attachment (DRP-XXX) and a reaction chamber (DRA-2CR). The reactor cell was modified with a quartz frit to support samples in order to improve flow uniformity. A kinetic spectrophotometer mode was used to collect UV-visible spectra by monitoring the intensity at a single energy (1.86 eV) in the preedge region of transient responses with a time resolution of 0.1-1 s during propane ODH after abrupt changes in O 2 or C 3 H 8 concentrations.
Total flow rates were kept at 1.67 cm 3 s -1 using mass flow controllers (Porter Instrument) for individual C 3 H 8 /Ar, O 2 /Ar or O 2 /He, and Ar streams in order to achieve the desired concentrations of each reactant. These flow rates corresponded to a space velocity of 50 cm 3 s -1 g -1 for catalyst amounts used in this study (∼30 mg). Rapid switches between one reactant composition and another were made using an electrically actuated four-way valve (Valco Instruments Company). The reaction temperature was held at 603 K and treatments in O 2 -containing streams were carried out at 773 K to re-oxidize samples. A thermocouple located within the catalyst bed was used to measure local temperatures; another thermocouple inserted within the heater beneath the sample holder recorded temperatures as much as 100 K above sample temperatures, as previously reported. 9, 11 Propane ODH experiments were conducted at 603 K using C 3 H 8 (Airgas, 99.9%) and O 2 (Airgas, 99.99%) reactants diluted to the desired partial pressures with Ar (Airgas, 99.999%). Partial pressures for each reactant were varied independently from 1.0 to 16 kPa, while keeping the other reactant at 4.0 kPa; the intervals between composition changes were 300 s.
Results and Discussion
UV-visible measurements were carried out during transient ODH reaction conditions. The experiments were carried out using a catalyst treated for 300 s of exposure to 4.0 kPa O 2 .The inlet stream was then switched to one containing C 3 H 8 and O 2 for 300 s. The partial pressure of one of the reactants was held constant for the duration of the ODH experiment, while the other was varied every 300 s. Absorption intensities (at 1.86 eV) were converted to extent of reduction and the catalytically irrelevant portion of the measured absorbance was excluded using methods previously reported. 19, 20 Figure 1 , which was adapted from a previous publication, 20 shows reduction transients resulting from step-wise changes in C 3 H 8 pressure at constant O 2 pressure; each cycle feed composition cycle was followed by a treatment in 4 kPa O 2 at 603 K for 300 s. Results similar to those shown in Figure 1 were obtained with O 2 partial-pressure cycles (not shown). In this latter case, the experiment was started by switching from a stream containing 4 kPa O 2 to one consisting of 16 kPa O 2 and 4 kPa of C 3 H 8 .
As noted previously, 20 transient responses, such as those shown in Figure 1 , contain two componentssa rapid response with a time-scale of catalytic turnovers (<1000 s) and a significantly slower process, which reflects changes in the structure of the vanadia domains or oxygen removal from the internal crystalline region, without direct relevance to the dynamics of catalytic turnovers. The procedure described previously 20 was used to isolate the portion of each transient that reflects catalytically relevant processes. The resulting transients are shown in Figures 2-4 . We note that transients involving increasing or decreasing concentrations were identical, except for the sign of the transient, and that repeated transients were highly reproducible.
The observed transient responses were fitted to the time dependence of the concentration of reduced centers derived from a previously reported mechanism of ODH processes, 29, 30 modified to account for combustion pathways (Scheme 1, reactions 1-5). The concentrations of four surface intermediates in the mechanism were considered initially: oxygen ([O*]), vacancies ([*]), hydroxyl groups ([OH*]), and isopropoxide species ([C 3 H 7 O*]). The combustion steps were not analyzed in detail, as indicated by the ellipsis in reactions 3a and 3b. The sequence of elementary steps leading to combustion products ultimately results in the formation of the number of reduced-surface species shown in reactions 3a and 3b. These steps are known to involve surface oxygen and reduced-surface species because lattice oxygen atoms from the catalyst are incorporated in all combustion products, as shown by isotopic labeling studies. [29] [30] [31] The first step was assumed to be quasi-equilibrated with a small K 1 value. Consequently, the concentration of physisorbed propane [(C 3 H 8 O*]) can be neglected in the site balance.
Step 2 is the kinetically relevant step, [29] [30] and rate constants of subsequent steps are, therefore, inaccessible from steady-state rate data.
A set of coupled, nonlinear differential equations were derived to described the time-dependent response of the surface species. 31 These equations were then non-dimensionalized using the ratio of each surface species concentration to the total concentration of active surface sites
, and + φ + θ + ψ ) 1. As a result, only three of the differential equations are independent, and the time-dependent response of the fourth surface species may be obtained from this overall site balance. The three differential equations describing the surface-reduced species and the algebraic equation representing the fraction of surface oxygen, derived from the site balance, are given by eqs 1-4. A derivation of these equations is given in ref 31.
The dimensionless reduced time, τ, is defined as the actual time divided by the characteristic time for the kinetically relevant C-H bond activation step: 
The other four parameters, i , are defined as
The factors λ i are defined as where x 1 and x 2 are the fractional selectivities to propene and CO, respectively. The numerical solution of eqs 1-4 was fitted to the transient response data shown in Figures 2-4 by adjusting the values of
, and k 5 . The reactant concentrations used in eqs 1-4 were those prevailing during the transient. Since the conversions of C 3 H 8 and O 2 were small (<1% and <5%, respectively), inlet concentrations were used. The water concentration during the transient could not be reliably measured by mass spectroscopy; instead, it was calculated based on the stoichiometric amount expected for the observed concentrations of propene, CO, and CO 2 . Since steady-state observations showed the selectivity to C 3 H 6 and CO to be nearly independent of feed composition at low reactant conversions, the values of x 1 and x 2 were taken to be constant (see Table 1 ). 2, 3 The extent of reduction, defined as the number of one-electron reduced centers per V atom (n r ), was calculated by adding the fractional coverages of all reduced species after doubling vacancy concentrations, which represent two-electron reduction events (eq 8). The parameters τ r and i were obtained using 
standard nonlinear regression techniques in Mathematica 4.0.
The initial values of τ r and i were varied over 8 orders of magnitude to ensure that the chosen parameters corresponded to global error minima in the estimation procedure. ) at the low-waterconcentration conditions prevalent in this study. The same conclusion was drawn from steady-state reaction rates. 19, 20 Vacancies account for most (>90%) of the reduced species for all catalysts and reactant ratios. Consistent with this, the best fit of the model to the data was insensitive to the values of 1 , 2 , and 3 . The insensitivity of the model to the value of 1 suggests that isoproproxide conversion rate constants are significantly larger than those for its formation; hence, θ reaches steady-state more rapidly than n r . In agreement with this conclusion, the steady-state values of θ are small, e.g., θ < 4 × 10 -4 at 16 kPa C 3 H 8 , 4 kPa O 2 on 10 wt% V 2 O 5 /Al 2 O 3 . The insensitivity of the model to the value of 2 and 3 suggests that water-formation steps are quasi-equilibrated, as assumed in previous mechanistic analyses and confirmed by kinetic and isotopic tracer studies. [29] [30] [31] [32] The steady-state values of are also small (e.g., < 0. Figure 5 . The values of 4 determined in this manner are given in Table 2 for each catalyst.
The transient-response data obtained for each catalyst were fitted to the numerical model solution of eq 10 by adjusting the value of K 1 k 2 , assuming the value of 4 ) k 5 /k 2 K 1 to be that obtained from steady-state data (see Table 2 ). The results of the simplified model are compared with experimental data in Figures 2-4 , for 3.5, 10, and 30 wt% V 2 O 5 /Al 2 O 3 , respectively. The ordinate in these plots is the normalized extent of reduction, n r *, which is given by:
In eq 14, n r SS1 is the extent of reduction at steady-state immediately before a step change in inlet concentration, and n r SS2 is the steady-state extent of reduction reached at the end of the imposed transient. The dark lines in Figures 2-4 represent experimental data, and the lighter lines represent model predictions. The leftmost columns in Figures 2-4 (labeled a-e) show experiments in which C 3 H 8 partial pressure was varied at constant O 2 pressure. The rightmost columns (labeled f-j) contain results of varying O 2 at constant C 3 H 8 partial pressure.
This single-parameter model accurately describes transient data at short times but becomes less accurate at longer times (Figures 2-4) , suggesting that different types of surface sites with a range of turnover frequencies may be involved in the reaction, as expected for surfaces with V atoms in various geometries (e.g., edges and plateaus). In addition, the model tends to underestimate the initial slope at low C 3 H 8 and O 2 partial pressures and to overestimate the slope at high C 3 H 8 and O 2 partial pressures. No explanation for this behavior can be given at this time. Table 3 shows the rate parameters obtained from this transient model. The values of K 1 k 2 obtained from these data increase with increasing vanadia surface density in a manner similar to that observed for the K 1 k 2 values obtained from steady-state rate data. 29, 30 As discussed previously, 20, 29, 30 this pattern is attributable to the greater reducibility of oxide domains as they evolve from monovanadate to two-dimensional polyvanadate structures with increasing V surface density. More-reducible catalysts are able to stabilize most effectively the transition states 
n r ss ) 2φ ) ( n r * ) (n r -n r SS1 )
(n r SS2 -n r SS1 ) (14) required for C-H bond activation, which in turn require delocalization of electron density by vanadium centers. 2, 3 For the analysis of transientresponse data, it is not necessary to measure independently the number of active surface V atoms in order to calculate an intrinsic rate parameter per active site. Consequently, the value of K 1 k 2 determined from the UV-visible results directly reflects the reactivity of active sites participating in the reaction. In contrast, measured steady-state ODH rates are normalized by the number of surface V atoms, 20 which may not accurately represent those accessible or active for catalytic reactions. In estimating steady-state turnover rates, it was assumed that for V surface densities of 7.5 V nm -2 or below (the value for a polyvanadate monolayer), all V centers were accessible to reactants. For V surface densities greater than 7.5 V nm -2 , it was assumed that the density of V sites available for catalysis was equivalent to one monolayer of polyvanadate species because excess VO x species tend to form large V 2 O 5 clusters that do not contribute significant additional VO surface area. Dividing the value of K 1 k 2 obtained from the transient-response experiment by that obtained from steady-state experiments provides an estimate of the fraction of accessible V centers that are active for propane ODH reactions at the conditions of our experiments. These fractions are reported in the last column of Table 3 ; they range from 0.71 in 3.5 wt% V 2 O 5 /Al 2 O 3 to ∼0.60 in 10 and 30 wt% V 2 O 5 /Al 2 O 3 . Thus, if the accessibility assumptions used in estimating steady-states are accurate, most, but not all of the accessible V atoms are active in ODH reactions. An alternate possibility is that only 71% of V atoms in 3.5 wt% V 2 O 5 /Al 2 O 3 are accessible and thus active, as a result of the incipient formation of three-dimensional V 2 O 5 clusters with a fraction of V species in their inaccessible bulk. Similarly, for 10 and 30 wt% V 2 O 5 /Al 2 O 3 samples, it is possible that only a fraction of the support surface is covered by a two-dimensional polyvanadate monolayer and that nucleation of some V 2 O 5 clusters occurs at surface densities below those calculated from geometric arguments for a theoretical polyvanadate monolayer.
Conclusions
In situ UV-visible spectroscopy can be used to follow the dynamics of catalyst reduction and oxidation during the oxidative dehydrogenation of propane over alumina-supported vanadia. The rate constant for vanadia reduction obtained from an analysis of the transient-response, UV-visible data can be compared with the same rate constant obtained from an analysis of steady-state kinetic rate data to estimate the fraction of the exposed vanadia that is catalytically active. This fraction lies between 60 and 70%, suggesting that some of the surface V atoms are either inaccessible for propane ODH or are not active catalytically. The rate coefficient for vanadia reoxidation is 3-5 orders of magnitude faster than that for reduction, and consequently, only a small fraction of the catalytically active V sites is reduced under steady-state conditions.
